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Abstract Uranium mining activity in Cunha Baixa
(Portugal) village has left a legacy of polluted soils
and irrigation water. A controlled field experiment
was conducted with lettuce (Lactuca sativa L.) in an
agricultural area nearby the abandoned mine in order
to evaluate uranium uptake and distribution in roots
and leaves as well as ascertain levels of uranium
intake by the local inhabitants from plant consuming.
Two soils with different average uranium content (38
and 106 mg/kg) were irrigated with non-contaminated
and uranium contaminated water (<20 and >100 μg/l).
A non-contaminated soil irrigated with local tap water
(<1 μg/l uranium) was also used as a control. Uranium
in lettuce tissues was positively correlated with soil
uranium content, but non-significant differences were
obtained from contaminated soils irrigated with differ-
ent water quality. Uranium in plants (dry weight)
growing in contaminated soils ranged from 0.95 to
6 mg/kg in roots and 0.32 to 2.6 mg/kg in leaves.
Lettuce bioconcentration is more related to available
uranium species in water than to its uranium concen-
tration. Translocated uranium to lettuce leaves corre-
sponds to 30% of the uranium uptake whatever the soil
or irrigation water quality. A maximum uranium daily
intake of 0.06 to 0.12 μg/kg bodyweight day was
estimated for an adult assuming 30 to 60 g/day of
lettuce is consumed. Although this value accounts
for only 10% to 20% of the recommended Tolerable
Daily Intake for ingested uranium, it still provides
an additional source of the element in the local
inhabitants’ diet.
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1 Introduction
Uranium (U) is an important natural resource and
therefore subject to intensive mining since ancient
times (e.g. for colour glass) but its main modern use is
in the nuclear power industry. The release of U to the
environment represents a potential risk of chemical
and radiological toxicity to human health. Since it is
found almost everywhere in the Earth’s crust in the
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form of more than 200 minerals, corresponding
concentrations of U are also found in food of vegetal
and animal origin and in groundwater, surface and
drinking waters. It enters water supplies via leaching
from natural sources (e.g. granites), from anthropogenic
activities such as mining operations, nuclear industry,
disposal of industrial and medical wastes and from the
use of phosphate fertilizers in agriculture (Schnug et al.
2005). The dangers arising from the biochemical
toxicity of U as a heavy metal are considered to be
about six orders of magnitude higher than those from
its radioactivity; compared to other heavy metals its
chemical toxicity lies between mercury and nickel
(Schnug et al. 2005). Uranium in soil does not often
present a radiological hazard to humans, but toxicity
to plants could lead to prescribe cleanup and assess-
ment criteria, for industrial activities (Sheppard et al.
1992). Plants growing in mineralised areas were
reported to contain up to 100 times more U compared
to plants of another areas (Alloway 1990).
The human body contains approximately 56 μg of
U; 32 μg (56%) in the skeleton, 11 μg in muscle
tissue, 9 μg in fat, 2 μg in blood and less than 1 μg in
the lungs, liver and kidneys (Fisenne et al. 1988).
Kidneys are considered to be the most sensitive target
organ for chemical toxicity of U and long-term
ingestion of the element by humans leads to progres-
sive kidney injury. Uranium in the human body is
derived mostly from U in food, especially from
vegetables, and cereals (Fisenne et al. 1987). Con-
centrations of 1–15 μg/kg fresh weight have been
detected in these products and in some fish species,
thus making a noteworthy contribution to U ingestion
(Fisenne et al. 1987). The daily intake of U is
estimated to be 1–2 μg in food and 1.5 μg in water
consumed (ATSDR 1999). Higher intake levels of
13–18 μg/day have been reported from uranium
mining regions (Wrenn et al. 1985). Taking in account
common safety factors, the World Health Organization
(WHO) estimates a Tolerable Daily Intake (TDI) of
0.6 μg/kg bodyweight day (WHO 2004) and recom-
mends that a U concentration of 0.3 μg/g in the
kidneys (WHO 2001) should not be exceeded.
Data on the levels of U in food grown in contaminated
areas is limited (ATSDR 1999). Much information about
U behaviour in soil and plant uptake can be obtained
from studies of models in laboratory, conducted using
experimentally contaminated soil or prepared solutions.
Although these experiments are essential to this type of
studies, they often can not exactly simulate natural
environmental conditions, so it is difficult to predict
what will happen in a natural setting. Uranium
behaviour in soils is controlled by actions and
interactions between physico-chemical (speciation in
solution and binding with mineral/organic particles) and
biological processes (soil invertebrates, root activity,
microorganisms activities, etc…) that also determine its
bioavailability (Laroche et al. 2005). Some studies
report that a high bioavailable fraction of the element in
soils can cause hormesis, decrease yield crop or toxicity
(Gulati et al. 1980; Meyer et al. 1998; Shahandeh and
Hossner 2002). The information on the U phytotoxicity
is yet contradictory; levels as low as 5 mg/kg in soil
have been considered as toxic, whereas many studies
reported absence of toxicity at U levels 100 to 1,000-
fold higher (Sheppard et al. 1992). It is generally
believed that U is not an essential element to plants and
generally observed that plants vary greatly in their U
uptake capacities (Duquène et al. 2006).
Since 1907 and until 2001, Portugal’s Beiras
region has been as important uranium-mining district.
The intensive former mining activities produced
large quantities of waste-rocks that in the absence of
any reclamation are still release toxic elements into
the surrounding environment. This is the case of the
Cunha Baixa uranium mine (Fig. 1), one of the
Portuguese mine areas classified as requiring priority
intervention (Magno 2001; Silveira 2001). Environ-
mental contamination has been a concern for Cunha
Baixa’s inhabitants due to uranium mining activities
developed there for more than 20 years (1970–1993).
Previous environmental studies have identified acid
drainage problems and shown that contamination of
local shallow groundwater, especially by U, Al, Mn
and sulphate, still occurs even though the mine
activity ceased in 1993 (Neves 2002; Santos Oliveira
et al. 2005; Neves et al. 2005; Neves and Matias
2008). The water of some private wells located near
the mine site was most affected and nevertheless has
been used by the inhabitants for farmland irrigation.
In such conditions chemical and radioactive contam-
inants may be incorporated into soils and plants.
Contaminants in soil and plants may be ingested by
farm animals or taken up into the root/shoot system of
edible plants and be consumed by humans, so a risk
assessment was needed to address concerns expressed
by local farmers. Different kinds of crops and food-
stuffs are cultivated during the year in the Cunha
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Baixa farmlands, but very little is known about its
metal or radiological contents.
The aim of the present study was to determine site-
specific U uptake from soil and irrigation water by
lettuce (Lactuca sativa L.) in an experimental agri-
cultural area nearby Cunha Baixa mine site in order to
evaluate the uranium accumulation and translocation
between edible and non-edible plant parts. Another
goal was to evaluate the levels of ingested uranium
from lettuce in order to assess chemical risk for the
local inhabitants, as it is a vegetable consumed by
inhabitants from spring to autumn.
2 Materials and Methods
2.1 Study Area
The Cunha Baixa village site (40°34′11 N latitude and
7°45′24 W longitude) and abandoned mine are located
in the Centre of Portugal (Mangualde, Viseu district)
granite countryside (Fig. 1). Underground and open pit
works and later acid leaching processes were used to
recover uranium from the secondary phosphates ore. A
more detailed description of Cunha Baixa mining
activities is presented elsewhere (Santos Oliveira and
Ávila 2001; Neves and Matias 2008). The mine area is
bordered on the north to southwest side by agricultural
land that produce crops (maize, potatoes, cabbages,
beans, onions, carrots, tomatoes, lettuces, spinach)
which are used as animal feed or in local inhabitant’s
diet. The climate of the region is mild, with summer
extending from June to September (dry season), while
winter ranges from December to March/April (wet
season). The annual temperature ranges from 5°C
to 25°C and 70% of the total precipitation (average
rainfall between 1,100–1,400 mm) occurs from
November/December to March/April.
2.2 Soil, Plant and Water Sampling
Controlled field experiments were carried out between
the beginning of October and the end of November







Fig. 1 Geographical loca-
tion of the Cunha Baixa
village and uranium mine as
well as surrounding agricul-
tural zones with experimen-
tal soils location
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agricultural area nearby the abandoned uranium mine of
Cunha Baixa (Fig. 1). Soils of the study area are
classified as Cambisols (Carta de Solos 1978) devel-
oped on medium to coarse-grained muscovite and
biotitic granite rock. During the field experiment the
mean precipitation was 62.2 mm in October (78% of
total precipitation during the last 10 days of the month)
and 73.8 mm and November (regularly distributed),
and the mean temperature was 12.28°C (15.77°C in
October and 8.80°C in November; IM 2007).
The soils selected on the basis of the previous
work developed by Neves (2002) are located 50 m
apart from each other in different local kitchen
gardens. In both soils, the experimental area with a
total of 40 m2, was divided in two plots (3.4×5 m
with a buffer of 1.2 m between adjacent plots) and
each plot was subdivided in four replicates (0.5×5 m
each and with a buffer of 0.4 m between them). One
plot was irrigated with uranium-contaminated water
and the other with non-contaminated water.
A soil developed under granite rock from the
Sintra region (Lisbon) and not contaminated with
uranium was used as the control (Soil C). This soil
was chosen as the soils developed on granite rocks
from Beiras region present high uranium geochemical
background (12 mg/kg for alluvial soils; Santos
Oliveira et al. 2005). Soil C was placed in 16 plastic
containers (internal draining asserted) and irrigated
with local tap water.
A representative composite sample of the topsoil
layer (0–20 cm) was collected at each replicate (in 15
sampling points) before lettuce plantation and after
harvest time.
A total of 448 lettuces were planted (10 days of
growth) in the four soil plots with a plant density of
28 plants per replicate (two plants apart 25–30 cm on
14 points). Thirty-two lettuces were planted in plastic
containers (two plants in each container). At the end
of the growth period (60 days after transplanting), all
edible (leaves) and non-edible (roots) plant production
was collected.
The waters with different uranium concentrations
were pumped from private wells, which have been
used by local farmers for irrigation of the selected
soils. Irrigation water samples were collected during
the field experiments. Due to meteorological con-
ditions (rainy weather) during the experiment (on
average a total of 222.40 mm from October 21 to
November 30) the lettuce plants were watered only
seven times during the first month of growth with a
total of 36 l/m2.
To ensure the normal growth and development of
lettuce plants, 227 g/m2 of dissolved Nitromagnesium
20.5 fertilizer (20.5% Ntotal, 10.25% Nnitric, 10.25%
Nammonium, 12% CaO and 6% MgO) was applied to
soils 20 days after transplantation.
The selection of crop variety (Lactuca sativa L.,
cv. Marady), the use of fertilizers, frequency and
amount of irrigation treatments were done according
to local agricultural practices.
2.3 Soil, Plant and Water Analysis
Soil samples were air-dried, sieved through 2 mm and
analysed for: particle size distribution by sieving and
sedimentation after sodium hexametaphosphate dis-
persion; pH in a water suspension (1:2.5 soil/water);
salinity (electrical conductivity of extract saturation);
cation exchange capacity (CEC) by 1 M ammonium
acetate at pH 7 (Póvoas and Barral 1992); total
organic carbon (TOC) by Walkley and Black (1934);
extractable P and K by Egner-Riehm (Egner et al.
1960); N mineral by Keeney and Nelson (1982); total
and available uranium after acid digestion (Code
ultratrace 4, Actlabs Laboratory, Canada) and 1 M
ammonium acetate extraction (Schollenberger and
Simon 1945), respectively.
After harvest, plants were carefully washed with
tap water in situ for soil particles removal and the
aerial part separated from roots. At the laboratory,
plant material was washed with distilled water,
centrifuged and weighed before and after its drying
(40°C); dried plants were then ground for elemental
analysis. The analytical process involved ashing and
digestion with HNO3 and H2O2 (Code 2B, Actlabs
Laboratory, Canada).
Temperature, pH, Eh and EC of water samples
were measured in situ using portable probes (WRW,
Germany). Total alkalinity determinations (Method
2320B, Arnold et al. 1992) were performed before
samples filtration. The filtered samples without or
with HNO3 acidification at pH<2 were stored under
cool conditions (4°C) until analysis. Ion sulphate by
ion chromatography and fluoride and total P analysis
by spectrophotometry were also performed.
Elemental analyses of extracting solutions (soil and
plant samples) were performed by ICP-MS and ICP-
OES (water samples) at Actlabs Laboratory, Canada.
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2.4 Data Analysis
The results for each soil plot were expressed as an
average of four replicates. However, for lettuces grown
in soil C, as the biomass was low, it was necessary to
combine the yield of the two replicates each. The
experimental data were subject to an analysis of
variance (ANOVA) using STATISTICA 6.0 for Win-
dows, and the averages were compared by the Tukey
HDS test at the 5% level of significance. Pearson
coefficient considering significant differences at a 5%
level was used for data correlation evaluation.
Aqueous geochemical modelling using the com-
puter program Web-PHREEQC (Parkhurst 1995) with
WATEQ4 thermodynamic database was performed to
calculate predominant uranium species in irrigation
water.
The soil–plant transfer factor used in evaluation
studies on the impact of releases of radionuclides into
the environment that represents the capacity of a
species to accumulate an element was defined as:
Concentration Ratio ðCRÞ¼ edible part½ = total soil½ 
(IAEA 1994)
The Soil-Bioconcentration Coefficient (S-BC) that
reflects the plant capacity to absorb the element from the
soil when it occurs in an available form, determined
after soil chemical extraction using an appropriate
solution (Nriagu 1991; Abreu et al. 2008), was
calculated as follows:
BCplant=soil ¼ rootþ leaf½ = available soil fraction; extracted byNH4  acetate½ 
BCleaf=soil ¼ leaf½ = available soil fraction; extracted byNH4  acetate½ 
The Water-Bioconcentration Coefficient (W-BC)
which reflect the plant capacity to absorb the element
from the irrigation water was defined as:
BCplant=water ¼ rootþ leaf½ = dissolved in irrigation water½ 
BCleaf=water ¼ leaf½ = dissolved in irrigationwater½ 
The Translocation Coefficient (TC), used for evalu-
ating the element translocation plant capacity for the
edible part was defined as:
TC ¼ leaf½ = rootþ leaf½ 
The uranium concentration in lettuce was converted
to a fresh mass basis for ingestion calculations using site-
specific wet/dry ratios for plants from each soil replicate.
The daily intake from ingestion (DIing) through
lettuces was calculated as follows:
DIing μg=kg bodyweight dayð Þ ¼ concentration of uranium in vegetable μg=g freshweighð Þ
mean vegetation consumption g=person dayð Þ=reference bodyweight kgð Þ
3 Results and Discussion
3.1 Water Irrigation and Soils
The non-contaminated water used in the field experi-
ments (Table 1) belongs to a mixed Na–Ca/Cl–HCO3
type water and represents shallow groundwater water
not affected by local uranium-mining activities
(Neves 2002; Neves et al. 2005; Neves and Matias
2008). The non-contaminated and local tap waters
presented low U content; the latter did not exceed the
safe level of 15 μg/l provisional guideline considered
by WHO (2004) for drinking-water quality. The
contaminated water belongs to the Ca/Mg–SO4 type
and should not be used by farmers for irrigation.
During the experiments this water presented U
concentrations 9 to 12-fold higher than the trigger
value (Table 1) established in Australia and New
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Zealand for short-term irrigation (ANZECC 2000).
The values for pH, EC, SO24 , Al and Mn also exceed
the Maximum Allowable Value (MAV) established by
Portuguese law (Table 1) for this purpose. The salinity
of this water (>1.5 mS/cm) presents a high salinity
hazard for soil so detrimental effects on sensitive
crops could be expected (IWQC 1997), if careful
management practices were not considered. The
fluorine and total dissolved phosphate were generally
lower in all waters (0.07 to 0.69 mg/l and <0.05 to
0.1 mg/l, respectively).
Uranium speciation, which is related to soil and
water properties, namely pH and presence or absence of
dissolved inorganic ligands, could be a factor influenc-
ing uranium uptake by the plants. Uranium forms
complexes with sulphate and phosphate as well as with
carbonate and hydroxide ions, which increase the total
solubility of uranium (Langmuir 1978). Uranium
chemical speciation calculations showed that in local
tap water the UO2(OH)
3− was the predominant species
(>99%) whereas UO2 HPO4ð Þ22 (>99%) was dominant
in the non-contaminated water. Uranium species as
UO2SO4 (>48%) followed by UO2 HPO4ð Þ22 (<28%),
UO2þ2 (<18%) and UO2 SO4ð Þ22 (<3.5%) dominate in
contaminated irrigation water. The high SO24 levels in
contaminated water explain why UO2SO4 was the
dominant species at low water pH (<5).
At the beginning of the field experiments, the
topsoil’s layer presents physic and chemical character-
istics given in Table 2. Soils were sandy-loam (soils A
and B) and loam (soil C), acidic (pH<5.5) with low
salinity (<1,000 μS/cm) as well as CEC (<12 cmolc/kg)
and poor in TOC (<16 g/kg). Comparing both soils
A and B, the extractable K and P content were
similar and adequate for lettuce nutrition, but the
Nmineral was lower in soil A. According to INIA
(2000) 120 mg K/kg soil, 26–33 mg P/kg soil and
35–45 mg N/kg soil are considered the optimum
values for lettuce growth. All these nutrients were
also in deficit in soil C at the beginning of the field
Table 1 Water irrigation characteristics
Irrigation water pH EC mS/cm SO
2
4 (mg/l) Al (mg/l) Mn (mg/l) U (μg/l)
Tap water 7.7–8.7 0.06–0.14 17–18 0.09–0.2 <0.001 0.5–1.4
Non-contaminated 6.1–6.2 0.16–0.27 32–49 0.16–0.20 0.03 19–20
Contaminated 4.3–4.4 1.68–1.712 923–1,072 7.9–8.1 3.9–4.1 988–1,140
MAV 5.0–9.0 1.0 575 5 0.2 100a
MRV 6.5–8.4 20 10
MAV (maximum allowable value) and MRV (maximum recommended value) established by Portuguese law (DL 236/98)
a Trigger value established in Australia and New Zealand for irrigation (ANZECC 2000)
Table 2 Physic and chemical characteristics of soils A, B and C collected before lettuce planting
Soil A Soil B Soil C
Particle size distribution
Sand (g/kg) 748.0±6.8 711.5±8.7 849.3±15.8
Silt (g/kg) 145.1±4.0 163.3 ±1.5 86.8±5.0
Clay (g/kg) 107.7±3.4 125.2±12.4 56.5±4.2
pH (H2O) 5.6±0.2 5.5±0.2 5.8±0.1
EC (μS/cm) 671.5±68.4 995.7±81.1 482.2±14.7
CEC (cmolc/kg) 9.39±0.46 11.29±0.43 5.10±0.17
TOC (g/kg) 14.72±0.85 10.64±0.81 10.11±2.15
Kextractable (mg/kg) 234.58±75.88 252.11±23.82 105.6±1.0
Pextractable (mg/kg) 78.47±18.04 46.43±13.67 0.98±0.22
Nmineral (mg/kg) 21.11±3.68 41.77±4.36 7.15±1.78
Utotal (mg/kg) 38.6±2.6 106.3±16.9 2.78±0.80
Uavailable (mg/kg) 2.81±0.8 14.5±3.8 0.04±0.01
The values correspond to average ± SD (n=8 for soil A and B and n=4 for soil C)
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experiments. The total uranium content (average) in
soils A and B (38 to 106 mg/kg) was considerably
higher than those found in literature for normal
concentration range (0.3 to 11.7 mg/kg; Bleise et al.
2002) as was the case with control soil C. The soil B
presented a total U content threefold higher than soil
A. Its proximity to the mining area and irrigation
with rich uranium water (>100 μg/l, Table 1) for a
long time may be factors that contributed to this
enrichment. Amrhein et al. (1993) also reported that
in the San Joaquim Valley (USA) the irrigation with
uranium water increased the U levels in the upper
centimetres of agricultural soils.
The available U in soils was low and represents, on
average, about 7%, 14% and 1.5% of the total,
respectively, in soils A, B and C (Table 2). This can
be related to the low clay fraction and organic matter
soils content and, as a consequence, a low CEC. In
general, organic matter and clay minerals provide
negative exchange sites which are expected to
increase sorption of positively charged uranium
species as free uranyl UO2þ2 , which predominates
under acidic conditions (Langmuir 1978; Ebbs et al.
1998; Laroche et al. 2005). Available U in all soils
was significantly correlated to CEC before and after
lettuce growth (r=0.83 and r=0.90, respectively). The
higher available U in soil B could be related to its
slightly higher CEC and clay fraction (Table 2) or
even to the high U concentration presented in the soil
solution.
At the end of the field experiments, in both soil A
and B irrigated with different water quality, the total
and available U concentration did not differ signifi-
cantly; although, on average and after 2-month of
lettuce growth, a small decrease of 1, 2 and 4% on the
Uavailable/Utotal concentration ratio on soil C, A and B,
respectively, was observed (Fig. 2).
3.2 Uranium Concentration in Lettuce
The uranium concentration in lettuce roots and leaves
grown in the different soil plots is presented in Fig. 3.
The non-edible tissues (roots) had the highest U
concentration which agrees with results from other
authors that reported for U the following rank: roots >
shoot/leaves > fruits/grains (Ribera et al. 1996; Singh
1997; Shahandeh and Hossner 2002; Duquène et al.
2006). In these field experiments, U in lettuce roots
was two- to threefold greater than U concentration in
the leaves (Fig. 3). The roots from soil B contain
more U (3.28 to 6 mg/k dry weight) than roots from
soil A (0.95 to 1.67 mg/kg dry weight) or than roots
from soil C (0.1 to 0.11 mg/kg dry weight), which is
in accordance with the total and available U of each
soil (Table 2).
The same trend was observed for leaves (Fig. 3);
lower U concentration in lettuce leaves from soil C
(0.03 to 0.04 mg/kg dry weight) and higher in lettuce
leaves from soil B (1.57 to 2.62 mg/kg dry weight).
There were significant relationships between U in
plant tissues [(root + leaf) dry weight] and the total
and available U in all soils sampled before (r=0.89
and r=0.83, respectively) or after (r=0.91 and r=
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Fig. 2 Total (a) and available (b) uranium concentration on
plot soils C, A and B before and after lettuce growth submitted
to different irrigation waters (TW Tap water; NCW non-
contaminated water and CW contaminated water). Bars repre-
sent SDs of four replicates. Averages for total or available U
before or after lettuce growth followed by the same letter are
not significantly different by the Tukey test at p<0.05
Water Air Soil Pollut (2008) 195:73–84 79
icant differences were observed in U concentration in
roots or in leaves of lettuce plants grown in soil B or
in soil A when irrigated with or without uranium-
contaminated water (Fig. 3). These results are in
disagreement with those obtained by Kovalevsky
(IAEA 1985); since this author stated that U absorp-
tion by plants was, on average, 3,000 times more
vigorous from aqueous solutions than from the soil.
Despite different study conditions, other authors
(Lakshmanan and Venkateswarlu 1988; Hakonson-
Hayes et al. 2002) also observed an increase in the U
level in vegetables with the increase of U concentra-
tion in the irrigation water.
The effect of water irrigation quality was only
verified on the lettuce yield (above-ground biomass);
a decrease of 40% and 50% was, respectively,
observed in plots of soil A and B watered with
uranium-contaminated water (Neves and Abreu
2006). This must be due to the lower pH and the
high values of salinity, sulphate, aluminium and
manganese determined in uranium-contaminated wa-
ter (Table 1). In fact, soil parameters as pH and
salinity seem not to be responsible for lettuce yield
decrease, as during field experiments soil pH was
within the range of values considered for normal
lettuce plants growth (6.0 to 7.0) and soil salinity did
not increase or reach the lower limit for lettuce
salinity tolerance (1.0 to 3.0 mS/cm; Foth 1990).
Considering the plant’s element concentration and
lettuce yield only a significant negative correlation
was observed with manganese (dry weight) in lettuce
leaves growing in both A and B soils (r=−0.95).
However, visual toxicity symptoms for manganese
were not observed and the Mn plant content lies
between the limits for deficiency and toxicity (25 and
500 mg/kg dry weight, respectively; Srivastava and
Gupta 1996).
3.3 Uranium Bioconcentration and Translocation
in Lettuce
Plants remove nutrients from irrigation water and
from the readily exchangeable and soluble fractions of
the soil. In the studies related to the absorption and U
accumulation it was generally observed that there are
significant variations in U accumulation between
plant species (Shahandeh and Hossner 2002). The
ability of the plants to absorb U or to transfer the
element within the plant (translocation) was evaluated
by absorption coefficients (Table 3).
The CRs for lettuce U uptake ranged between
0.011 and 0.023 (Table 3) and fall within generic CR
values (between 10−2 and 10−3) published by IAEA
(1994). These values may be used as a first
approximation in assessment studies, however,
according to IAEA (1994), site-specific deviations of
a factor of 10 or more must be expected (overall range
of 10−1 trough 10−4). Sheppard and Evenden (1988)
attributed wide-ranging uranium CRs to the dynamic
physical, chemical and biological interactions in the
plant/soil system. Studies carried out by Sheppard et
al. (1989) on uptake of natural radionuclides by field
and garden crops, also reported an overall geometric
mean CR of 0.013 for uranium. The CR value of
0.025 calculated by Sheppard et al. (1989) for lettuce





























Fig. 3 Uranium concentration in roots and leaves (mg/kg dry
weight) of lettuce grown on soils C, A and B, submitted to
different irrigation water (TW Tap water; NCW non-contami-
nated water and CW contaminated water). Bars represent SDs
of four replicates. Averages for roots and leaves followed by the
same letter are not significantly different by the Tukey test at
p<0.05
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obtained for Cunha Baixa lettuce plants. However,
some authors consider that the Bioconcentration
Coefficient (BC) reflects, in a more realistic way, the
plant capacity to absorb the element from the soil
when it occurs in an available form (Nriagu 1991;
Abreu et al. 2008). Otherwise an assessment based on
the use of CRs may not represent the real situation, as
a considerable part of total U is not frequently
available for plants. This is the case of the studied
soils where the available fraction corresponds to 1.5–
14% of the Utotal (Fig. 2). The NH4-acetate solution
used in this work seems to be a good extraction
solution to evaluate the bioavailable soil U fraction. In
fact, Sheppard and Evenden (1992) reported that
extraction efficiency of NH4-acetate, tested in 11
uranium amended soils (covering a broad range in soil
properties and uranium concentration ranging from
background to 10,000 mg/kg dry soil), was well
correlated to the concentration ratios, calculated using
the U concentration in that extraction solution.
The Soil-Bioconcentration Coefficients (S-BCs),
used for U absorption evaluation by Cunha Baixa
lettuce from soil (Table 3), were calculated (see
section 2.3) using the soil available uranium at the
beginning of the experiments. The Uranium Biocon-
centration Coefficients (BCplant/soil and BCleaf/soil)
from soils A and B exceeded IAEA values by
approximately one order of magnitude. However, the
S-BCs are not significantly different for soils A and B
even when irrigated with different water quality.
The uranium absorption by lettuce from water
irrigation, calculated from BCplant/water (ranged between
1.63 and 430) and BCleaf/water (ranged between 0.37
and 111.72) were higher than the S-BCs (BCplant/soil
and BCleaf/soil) calculated from soil available U content
(Table 3). These results confirm the trend of a larger
variability for water/plant transfer than for soil/plant
transfer (Hayes et al. 2000). Based on the above-
calculated coefficients using irrigation water and in
lack of phytotoxicity signs, lettuce plants in our
experiments can be considered tolerant to high
uranium contents in irrigation water. However, for the
same soil both W-BCs (BCplant/water and BCleaf/water)
were higher in the plot watered with lower uranium
concentration, as is the case of soil C (Table 3).
Lakshmanan and Venkateswarlu (1988) also observed
that the concentration factor for the U uptake by
vegetables decreases with water U increase. The
uranium chemical species present in the different
irrigation waters might explain these results. According
to the work of Ebbs et al. (1998), the free uranyl cation
UO2þ2
 
, which predominates at pH of 5.0–5.5 or less,
is the U specie most readily taken up and translocated
by plants. The experimental data of Vandenhove et al.
(2007) also feature the potential importance of U
speciation in explaining the soil-to plant transfer
factors; apparently UO2þ2 , UO2PO

4 and uranyl
carbonate complexes were the U species being
preferentially taken up by ryegrass roots and trans-
ferred to the shoots. Moreover, Laroche et al. (2005)
observed in hydroponic studies that the presence of
ligands in the solution, such as phosphate or hydroxo,
did not affect uranium uptake by beans (Phaseolus
vulgaris) up to pH 7. In tap water and non-contami-
nated irrigation water U was present as hydroxide and
phosphate complexes (>99%), respectively, whereas in
contaminated water only 52% of the total uranium was
in available ionic species for plant uptake (phosphate
and sulphate complexes or free uranyl cation). These
results suggest that the absorption of uranium from
Table 3 Uranium concentration ratio (CR=[leaf]/[total soil), Uranium Bioconcentration Coefficients from soil BCplant=soil ¼

rootþ leaf½  available soil fraction; extracted byNH4  acetate½  andBCleaf=soil ¼ leaf½ = available soil fraction; extracted by NH4½
acetateÞ and Uranium Bioconcentration Coefficients from Water BCplant=water ¼ rootþ leaf½ 

Udissolved in water½  and
BCleaf=water ¼ leaf½ = Udissolved inwater½ Þ for lettuce grown in plot soils C, A and B submitted to different irrigation water quality
Soils Water irrigation CR BCplant/soil BCleaf/soil BCplant/water BCleaf/water
Soil C Tap water 0.014±0.007 3.74±0.83 0.039±0.006 152.6±15.8 41.8±10.4
Soil A Non-contaminated 0.011±0.002a 0.55±0.16a 0.16±0.07a 79.27±8.15a 22.37±4.41a
Contaminated 0.016±0.004ab 0.83±0.17a 0.23±0.05a 1.97±0.23bd 0.57±0.12b
Soil B Non-contaminated 0.015±0.002ab 0.48±0.15a 0.13±0.04a 341.0±61.3c 94.72±10.94c
Contaminated 0.023±0.003b 0.48±0.16a 0.15±0.04a 6.11±0.98ad 2.00±0.30b
The values correspond to average±SD (n=4 for soils A and B and n=2 for soil C). Average followed by the same letter in a column
are not significantly different by the Tukey HSD test at p<0.05
Table 3 Uranium concentration ratio (CR=[leaf]/[total soil),
Uranium Bioconcentration Coefficients from soil BCplant=soil ¼

root þ leaf½  available soil fraction; extracted by NH4 ½
acetate andBCleaf=soil¼ leaf½ = available soil fraction; extracted½
by NH4  acetateÞ and Uranium Bioconcentration Coefficients
from Water BCplant=water ¼ rootþ leaf½ 

Udissolved in water½ 
and BCleaf=water ¼ leaf½ = Udissolved inwater½ Þ for lettuce
grown in plot soils C, A and B submitted to different irrigation
water quality
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lettuce plants growing in soils with the same uranium
concentration was higher when it was irrigated with
non-contaminated water. This behaviour explains why
the uranium concentrations of tissues (roots and leaves)
of lettuce plants grown in the same soil were not
significantly different irrespective of the level of
irrigation water contamination (Fig. 3).
The Translocation Coefficient (TC) was used for
evaluating U transfer within lettuce plant. The TC
values, determined from the replicates of lettuce
plants grown in soils C (0.27±0.04), A (0.28±0.04)
and B (0.31±0.04) are similar. It should be stated that
no significant differences ( p<0.05) were found
between TC average values in lettuce from soils A
and B irrigated with different water quality. These
data show that, on average, 30% of the lettuce U
uptake from soil and water was transferred for the
edible part of the plant. This ratio is constant
whatever soil and water uranium concentration.
The varying ranges of U concentration in fresh
edible part of lettuce grown in the study soils are
presented in Fig. 4. The average concentrations (fresh
weight) were: 4±1 μg/kg for soil C, 22±5 μg/kg for
soil A and 100±20 μg/kg for soil B.
The levels of U in lettuce grown in soils A and B
exceeded the mean concentration presented by
Schnug et al. (2005) for U in vegetables leaves (0.5
to 5 μg/kg fresh weight). Intake of U trough lettuce
consumption by a local inhabitant was assessed based
on the mean ingestion lettuces rate of 11.3 kg/year
defined in EPA (1997). Considering the scenario of a
lettuce ingestion of 30 g/person/day from soil B (U
concentration levels ranging from 83 to 124 μg/kg
fresh weight; Fig. 4) by an adult (60 kg weight) the
estimate U daily intake (DIing) will be 0.04 to
0.06 μg/bodyweight day. The estimated concentration
for the local inhabitants exposure to U from lettuce
ingestion was low and represents only 7% to 10% of
the TDI (0.6 μg/kg bodyweight day) recommended
by WHO (2004) for ingested uranium. Nevertheless,
when a maximum ingestion rate of 22 kg/year was
considered (Hakonson-Hayes et al. 2002) adults will
intake up to 20% of the WHO guideline value. These
values could still be higher when lettuce is growing in
summer season, as it will be subject to a higher
frequency and higher amount of water irrigation.
To evaluate uranium’s chemical risk to health an
estimate exposure dose must be calculated and com-
pared with the reference dose for chronic oral exposure
(3 μg/kg day) established by EPA since 1989 (IRIS
2007). This reference dose is an estimate of the highest
dose that can be taken in every day over a lifetime
without causing an adverse health effect. For a realistic
health hazard assessment, data of uranium contents for
other ingested foodstuffs locally produced and irrigated
with local well waters must be available.
4 Conclusions
This study provides the first data of soil–water–plant
uranium transfer to vegetable foodstuff consuming in
the agricultural area surrounding the abandoned
uranium mine of Cunha Baixa in order to assess its
chemical risk for the local inhabitants. Field experi-
ments carried out with lettuce (Lactuca sativa L.) on
soils watered with contaminated and non-contaminated





































































































Fig. 4 Uranium concentra-
tion in leaves (mg/kg dry
weight) of lettuce grown on
the replicates of plot soils C,
A and B, submitted to dif-
ferent irrigation water qual-
ity (TW Tap water; NCW
non-contaminated water and
CW contaminated water)
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agricultural practices, have shown that although the
plant to accumulates uranium in the roots, it has the
capacity to transfer 30% of the uptake uranium to
the edible plant part. The potential risk related to the
use of water with different uranium content (contam-
inated or not contaminated water) for watering the
same soil was not significantly different. Uranium
speciation seems to be the principal factor that controls
uranium lettuce uptake. The highest uranium concen-
tration found in edible lettuce part (124 μg/kg fresh
weight) only account for 10% to 20% of the Tolerable
Daily Intake. However, the daily consumer of other
foodstuff vegetables eventually rich in uranium could
represent potential exposure of Cunha Baixa inhab-
itants to chemical as well as radiological risks that it
will be necessary to evaluate in order to protect human
health from effects.
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